The Grb10 family (42) is a recent addition to the group of growth factor receptor binding proteins, which represent a diverse collection of signaling mediators (25, 39) . Based on structural similarities, Grb10 belongs to a superfamily of related proteins that include the adapter protein Grb7, which has been implicated in breast cancer as a partner of the epidermal growth factor (EGF) receptor (EGFR) family, in particular of HER2/erbB-2 (26, 47) . Grb7 has also been shown to associate with the activated platelet-derived growth factor (PDGF) receptors ␣ and ␤ (PDGFR␣ and -␤) in vitro and in vivo in a complex which may also involve the signaling mediator Shc (55) . The superfamily includes Grb14, which is overexpressed in certain human cancer cell lines and for which a possible role has been suggested in PDGF signaling as a substrate of a PDGF-regulated serine kinase (6) as well as in insulin action (18) . An additional member is the expression product of the Caenorhabditis elegans gene mig-10, which has been implicated in the development of the excretory canal (24) .
The Grb10 superfamily members share a Pro-rich putative SH3 domain binding region at the amino terminus, a 300-amino-acid (aa) region termed GM (Grb/Mig), which contains a pleckstrin homology (PH) region at the center and a newly defined BPS (or IPS) domain between the PH and SH2 domains (11, 15) . All members carry an SH2 domain at the carboxyl terminus except Mig-10, which contains a Pro-rich region instead (24) . Both the SH2 and BPS domains have been implicated in the association with receptor tyrosine kinases (11, 15) . Sequence variants have been reported for most superfamily members (1, 24, 49) . Grb10, including a second variant, was first identified in mice, but neither variant has been identified in humans (20, 39) . Additional identified human variants have been termed Grb-IR or hGrb10␣, GRB10/IR-SV1 or hGRB10␤, hGrb10␥, and hGrb10␦ (10, 13, 21, 38) . This preliminary and inconsistent nomenclature is now being replaced by an emerging consensus (5, 42) .
Initially, Grb10 was discovered as a partner of the EGFR (39) and of the Ret receptor tyrosine kinase, which has been implicated in the development of the enteric nervous, endocrine, and renal systems and in papillary thyroid cancer (12, 40) . Grb10 has been shown to associate with the insulin receptor (IR) (13, 14, 21) and the insulin-like growth factor I (IGF-I) receptor (IGF-IR) (6, 9, 10, 30) , which carry out important metabolic and mitogenic functions, respectively. A preference was observed for the IR in a direct comparison (20) . Grb10 has also been identified as a target of the Ephrelated receptor tyrosine kinase ELK, which is involved in axonal guidance, neuronal bundling, and angiogenesis (48) , and as a target of the growth hormone receptor (33) . The interaction of Grb10 with the IR and IGF-IR was investigated in a number of independent studies (22) . Different approaches have implicated different receptor sites in the association with Grb10, and the underlying mechanism is still unclear (8-11, 13, 14, 20, 30, 35, 38) .
A role of Grb10 has been implicated in mitogenesis, positive or negative, depending on the specific cellular context in response to insulin or IGF-I (31, 38) . In addition, it affects the transformed phenotype in IGF-IR-or Bcr-Abl-mediated malignant cell transformation (2, 31) . At a more mechanistic level, Grb10 overexpression has been reported to negatively regulate tyrosine phosphorylation of GTPase-activated protein (GAP)-associated protein p60, IR substrate IRS-1, and phosphatidylinositol 3Ј-kinase (21) . Grb10 associates with Jak2 and interferes with growth hormone-mediated gene expression independently of Stat5 (33) . The Grb10 SH2 domain has been reported to associate, independently of phosphotyrosine, with Raf1 constitutively and with MEK1 in response to insulin (35) . The oncogenic tyrosine kinase Bcr-Abl associates with Grb10 in a phosphotyrosine-dependent fashion (2) . Basal phosphorylation on serine has been reported for Grb10 which was stimulated in response to EGF; similarly, PDGF and fibroblast growth factor (FGF) caused a mobility shift in the migration of Grb10 on sodium dodecyl sulfate (SDS) gels which was reversible by phosphatase treatment (39) . Basal serine phosphorylation of one isoform was also stimulated by insulin, which was reversible by phosphatase, the MEK1 inhibitor PD98059, or the phosphatidylinositol 3Ј-kinase inhibitor wortmannin (10) . Grb10 has been described as a direct substrate of the Tec tyrosine kinase, which represents the first evidence for a role of phosphorylation on tyrosine in Grb10 function and provides a potential link to cytokine action in the hematopoietic system (23) . The formation of Grb10 tetramers has been suggested for the inactive state involving its BPS, SH2, and PH domains, which may convert to a monomeric form in the activated state (11) . Combined, the available data suggest a role of Grb10 in the mitogenic signaling pathways downstream of several growth factor receptors.
To further elucidate the physiologic role of Grb10, we have tested other mitogenic receptor tyrosine kinases as putative Grb10 partners and have identified the activated forms of PDGFR␤, hepatocyte growth factor receptor (HGFR) (Met), and FGF receptor (FGFR) as candidates. We have mapped Y771 as a PDGFR␤ site that is involved in the association with Grb10 via its SH2 domain. We have further investigated the putative role of Grb10 in mitogenesis with four independent experimental strategies and found that all consistently suggested a role as a positive, stimulatory signaling adapter in normal fibroblasts. (i) Complete Grb10 expression from cDNA with an ecdysone-regulated transient expression system stimulated PDGF-BB-, IGF-I-, and insulin-induced, but not EGFinduced, DNA synthesis in an ecdysone dose-responsive fashion. (ii) Microinjection of the (dominant-negative) Grb10 SH2 domain interfered with PDGF-BB-and insulin-induced DNA synthesis. (iii) Alternative experiments were based on cellpermeable fusion peptides with the Drosophila antennapedia homeodomain which effectively traverse the plasma membrane of cultured cells. A cell-permeable Grb10 SH2 domain similarly interfered with PDGF-BB-, IGF-I-, and insulin-induced DNA synthesis. In contrast, a cell-permeable Grb10 Pro-rich putative SH3 domain binding region interfered with IGF-Iand insulin-but not PDGF-BB-or EGF-induced DNA synthesis. (iv) Transient overexpression of complete Grb10 increased whereas cell-permeable Grb10 SH2 domain fusion peptides substantially decreased the cell proliferation rate (as measured by cell numbers) in normal fibroblasts.
These experimental strategies independently suggest that Grb10 functions as a positive, stimulatory, mitogenic signaling adaptor in PDGF-BB, IGF-I, and insulin action. This function appears to involve the Grb10 SH2 domain, a novel sequence termed BPS, and the Pro-rich putative SH3 domain binding region in IGF-I-and in insulin-mediated mitogenesis. In contrast, PDGF-BB-mediated mitogenesis appears to depend on the SH2 but not on the Pro-rich region and may involve other, unidentified Grb10 domains. Distinct protein domains may help to define specific Grb10 functions in different signaling pathways.
MATERIALS AND METHODS
Antibodies and peptides. Rabbit polyclonal antibodies directed against the cytoplasmic domains of PDGFR␤, IGF-IR, or IR were obtained from Upstate Biotechnology, rabbit polyclonal Grb10 antibody directed against peptide AWRNGSTRMNILSSQSPL at the mouse Grb10 carboxyl terminus (used for Fig. 1 and 2C ) was from Santa Cruz Biotechnology, monoclonal antiphosphotyrosine antibody PY20 was from Transduction Laboratories, mouse monoclonal 3Ј-bromo-5Ј-deoxyuridine (BrdU) antibody was from Amersham, and horseradish peroxidase-coupled anti-immunoglobulin G (IgG) antibody was from Kirkegaard & Perry Laboratories. Additional Grb10 antiserum (used for Fig. 7A ) was produced by Hazelton Research Products Inc. (Denver, Pa.) in rabbits against a glutathione S-transferase (GST) fusion protein containing the SH2 domain of mouse Grb10 (14) . Human recombinant PDGF-BB, IGF-I, and insulin were obtained from Upstate Biotechnology. Synthetic peptides were obtained from American Peptide Company, Inc. (Sunnyvale, Calif.) or as gifts from Lewis C. Cantley and his collaborators (Harvard Medical School, Boston, Mass.). Synthetic peptides representing the 16-aa cell-permeable sequence of the Drosophila antennapedia homeodomain protein (RQIKIWFQNRRMKWKK) and fusion peptides of this domain with a 16-aa fragment representing the amino-terminal Pro-rich region of Grb10 (RQIKIWFQNRRMKWKK-TASLPAIPNPFPELTG) were used to interfere with DNA synthesis. Phosphopeptides representing IR pY960 (phosphotyrosine 960) (SSNPEpYLSASD), pY1146 (DIpYETDYY RKG), pY1150 (DIYETDpYYRKG), pY1316 (KRSpYEEHIPY), pY1322 (HIPpYTHMNGG), or PDGFR␤ pY716 and pY771 (SSNpYMAPYDNY) at a concentration of approximately 1 mM were mixed with the GST-Grb10 SH2 domain fusion protein to study their competition with receptor binding.
GST fusion protein construct and protein purification. A Grb10 SH2 domainencoding cDNA fragment of the carboxyl-terminal 108 aa was ligated to the BamHI and EcoRI sites of plasmid pGEX-11T (Pharmacia), using PCR primers 5Ј-CCGGGATCCATTCACAGGACTCAGCATTG-3Ј and 5Ј-GCCGAATTCT TCTATCTATCTAGCG-3Ј, and the final construct was confirmed by DNA sequence analysis. The GST-Grb10 SH2 domain fusion and control GST protein were expressed in Escherichia coli DH5␣, purified on a glutathione-agarose column (Pharmacia), eluted in 10 mM reduced glutathione in 50 mM Tris-HCl (pH 8.0), and stored after addition of 10 mM dithiothreitol and 1 mM EDTA as described by the manufacturer (14) .
Construction and expression of cell-permeable Grb10 SH2 domain fusion peptides. Optimal E. coli codons were used in the design of oligonucleotides which contained a 5Ј-trityl group for column purification (Fisher Scientific). Oligonucleotides including the 16-aa cell membrane transfer sequence (RQIKI-WFQNRRMKWKK) of the antennapedia homeodomain (5Ј GGC GGC AGC CAT ATG CGT CAG ATC AAA ATG TGG TTC CAG AAC CGT CGT ATG AAA TGG AAA AAA GGA TCC 3Ј [membrane transfer sequence with 5Ј NdeI and 3Ј BamHI sites] and 5Ј CCC CAA GCT TCA CTT AAT TAA GAG CTC TTA CTG CCA AGA CGG CGG CGG CGG CGG CAG CGC CGG CGG AGA CGG GAA GGA TCC TTT TTT 3Ј [Pro-rich sequence with 5Ј HindIII and 3Ј BamHI sites]) were hybridized via a 12-nucleotide overlap and extended by mutually primed DNA synthesis. NdeI and HindIII restriction sites had been introduced at the 5Ј and 3Ј ends, respectively. A BamHI restriction site had been introduced at the 3Ј end of the membrane transfer sequence. The complete sequence was inserted into the NdeI and HindIII sites of plasmid pET 28a(ϩ) (Novagen, Madison, Wis.). This expression plasmid is based on the strong T7 transcriptional promoter, confers kanamycin resistance, and expresses an aminoterminal 6-aa His-tag peptide for purification of the recombinant protein. The Grb10 SH2 domain was amplified between aa 521 and 621, using PCR primers (5Ј TAT TTT GGA TCC TGG TTC CAT GGA CAT ATC TCC CGC 3Ј and 5Ј  TAT TTT AAG CTT TTA CAC GCG GAT GCA GTG GTG TTT CAG 3Ј) which introduced a 5Ј BamHI site and a 3Ј HindIII site into the final PCR product. The PCR product was digested with BamHI and HindIII, isolated by electrophoresis followed by electroelution, and inserted into the BamHI and HindIII sites of the pET 28a(ϩ) construct. All recombinant plasmids were transformed, isolated, and characterized by restriction and DNA sequence analyses. The plasmid containing the membrane transfer sequence fused to the Grb10 SH2 domain was introduced into expression host E. coli BL21(DE3), which carries the lacUV5 promoter for induction by 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG). Cells were grown in Luria-Bertani medium containing kanamycin (30 g/ml) at 37°C to an optical density of 0.2 to 0.3 at 600 nm. IPTG induction was carried out for 5 h before cells were harvested and resuspended in 0.5 M Tris-HCl (pH 6.8). Cells were disrupted by French press (SLM Instruments, Inc.) lysis and centrifuged at 15,000 ϫ g at 4°C for 20 min. The cleared lysate was analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) on a 15% gel. The cell-permeable Grb10 fusion peptide was purified by affinity chromatography on a nickel column (Novagen) and eluted with 0.4 M imidazole in the presence of 6 M urea. The peptide was dialyzed by using a molecular mass cutoff of 3.5 kDa (Pierce, Ill.). Precipitation was observed after dialysis, and the peptide was resolubilized by addition of 1% dimethyl sulfoxide to a final concentration of 0.1% in 50 mM Tris-HCl buffer (pH 6.8). The peptide was stored for several months at 4°C, and the protein concentration was determined by Bradford analysis.
Ecdysone-inducible Grb10 cDNA expression. A 2.5-kb NruI-HindIII restriction fragment containing the complete protein-coding mouse Grb10 cDNA was removed from plasmid pRK5-Grb10 (39) and inserted with adapter sequences into the BamHI and EcoRV sites of plasmid pIND (Invitrogen). The proper ligation product was confirmed by restriction and DNA sequence analyses. This plasmid carries a heat shock transcriptional promoter and ecdysone response elements to allow ecdysone dose-dependent regulation of Grb10 expression. Ponasterone A (Invitrogen), an ecdysone analog, was used as an inducer in all experiments. The expression system employs a second plasmid, pVgRXR, for the expression of the ecdysone receptor from a cytomegalovirus (CMV) promoter which was cotransfected at the same concentration. Subconfluent NIH 3T3 fibroblasts were washed with serum-and antibiotic-free medium and incubated for 5 h at 37°C in 1 ml to which a transfection mix containing 1 g of each plasmid and 10 l of Lipofectamine had been added according the instructions of the manufacturer (Life Technologies, Gaithersburg, Md.). Then 1 ml of complete culture medium was added, and cells were incubated for 14 h and subsequently for 5 h in fresh complete medium. Ponasterone A was added at various concentrations for 24 h. For protein analysis by SDS-PAGE and immunoblotting, cells were cultured in fresh complete medium for an additional 24 h in the presence of ponasterone A before being lysed. Alternatively, for subsequent mitogenic analysis, cells were treated as described below.
Thymidine incorporation and interference by cell-permeable peptides. To subsequently assay for DNA synthesis, cells were starved for 20 h in the presence of ponasterone A. PDGF-BB at 25 ng/ml or IGF-I, insulin, or EGF at 100 ng/ml was added for 18 h, and finally 0.5 Ci of [methyl- 3 H]thymidine at 3 Tbq/mmol was added for 5 h. Cells were rinsed three times in ice-cold phosphate-buffered saline and incubated in 10% trichloroacetic acid (TCA) for 1 h at 4°C. Cells were rinsed, and 0.5 ml of 0.2 N NaOH-0.1% SDS was added at 37°C for 1 h. The pH was neutralized by addition of 0.5 ml of 2 M Tris (pH 6.8), and 2 ml of cocktail (ScintiSafe Econo-1; Fisher) was added before the incorporated radioactivity was quantified by liquid scintillation spectroscopy.
To test the effect of cell-permeable peptides on DNA synthesis, NIH 3T3 fibroblasts were starved for 20 h. Growth factors were added at the concentrations indicated above in addition to cell-permeable peptides at various concentrations for 18 h; 0.5 Ci of [methyl-3 H]thymidine was added for 5 h, and the incorporated radioactivity was determined as described above. Normal fibroblasts were used for all growth factors except for insulin, which was tested in IR-overexpressing fibroblasts (3) .
Microneedle injection and BrdU incorporation. NIH 3T3 fibroblasts overexpressing IR (3) were grown on 12-mm-diameter coverslips and starved for 24 h in serum-free medium; 150 cells were microinjected for each condition with about 10 Ϫ14 liters of GST fusion protein at 3 g/l by using glass microcapillaries (Eppendorf) in 5 mM NaH 2 PO 4 -100 mM KCl (pH 7.4) (45) . Two hours later, cells were stimulated with PDGF-BB (25 ng/ml), insulin (100 ng/ml), or 10% fetal bovine serum for 16 h in the presence of BrdU. Cells were fixed in 90% ethanol-5% acetic acid for 20 min at 22°C and incubated with BrdU mouse monoclonal antibody for 1 h at 22°C. Cells were stained with fluorescein-labeled donkey anti-mouse IgG antibody and mounted, and indirect fluorescence was analyzed with an Axiovert fluorescence microscope (Zeiss).
Cell culture, immunoprecipitation, and immunoblotting. Normal fibroblasts or cell lines overexpressing various wild-type or mutant receptors were used as indicated in the figure legends. Cells were incubated in serum-free medium for 16 h and stimulated with PDGF-BB (25 ng/ml), IGF-I (100 ng/ml), or insulin (100 ng/ml) for 15 min. Cells were rinsed twice with PBS and harvested in ice-cold lysis buffer containing 50 mM HEPES (pH 7.4), 1% Triton X-100, 10% glycerol, 137 mM NaCl, 2 mM EDTA, 10 mM NaF, 100 mM Na 3 VO 4 , 10 mM sodium pyrophosphate, 10 g of leupeptin per ml, 10 g of aprotinin per ml, and 1 mM phenylmethylsulfonyl fluoride. Proteins (typically 25 g) were directly subjected to SDS-PAGE or (400 g) were first mixed with cell-permeable Grb10 SH2 domain fusion protein (10 g), control eluate, or phosphopeptides along with antibodies directed against Grb10, PDGFR␤, IGF-IR, or IR and coprecipitated with glutathione-Sepharose or protein A-Sepharose beads, respectively. Precipitates were washed with lysis buffer, separated by SDS-PAGE (8% gel), and analyzed by immunoblotting with the indicated specific antibodies, using the Amersham ECL (enhanced chemiluminescence) detection system (14) .
Constitutive Grb10 expression and cell proliferation. A 2.5-kb NruI-HindIII restriction fragment containing the complete protein-coding mouse Grb10 cDNA was removed from plasmid pRK5-Grb10 (39), and after end filling, the fragment was inserted into the SmaI site of plasmid pHook2 (Invitrogen). The proper ligation product was confirmed by restriction and DNA sequence analyses. This plasmid carries a CMV transcriptional promoter for constitutive expression of mouse Grb10. Subconfluent mouse fibroblasts (R Ϫ or NIH 3T3) were rinsed with antibiotic-free medium and incubated for 24 h at 37°C on 60-mmdiameter culture plates in 3 ml of medium to which transfection mix containing 2 g of Grb10 expression plasmid or the corresponding control plasmid, 12 l of Lipofectamine, and 8 l of Plus reagent had been added according to the instructions of the manufacturer (Life Technologies). The transfection medium was subsequently replaced with complete culture medium supplemented with 10% newborn calf serum. Then 70,000 cells of transfected cultures were split into 35-mm-diameter wells (approximately 10% confluent). To test the effect of Grb10 SH2 domain fusion peptide at 5 or 10 g/ml (or of control eluate) on the cell proliferation rate, equal numbers (ϳ2,000) of cells were grown in 96-well plates in the presence of purified cell-permeable SH2 domain fusion peptide or an equal volume of control eluate in Dulbecco modified Eagle medium-F-12 medium supplemented with 10% newborn calf serum for 6 days. Cells were either trypsinized and manually counted with a hemocytometer or quantified biochemically by measuring the colorimetic change of 10% 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) into blue-colored formazan by the mitochondrial enzyme succinate dehydrogenase (7, 32) .
RESULTS

Association of cellular Grb10 with the activated PDGFR␤, IGF-IR, or IR.
Based on earlier reports which implicated a role of Grb10 in mitogenesis, we first tested the association of Grb10 with PDGFR␤, a major, mitogenic growth factor receptor, in coprecipitation experiments followed by immunoblotting. After starvation, normal NIH 3T3 fibroblasts were stimulated with PDGF-BB before detergent cell lysates were precipitated with a rabbit polyclonal antibody directed against the mouse Grb10 carboxyl terminus (Santa Cruz Biotechnology). Precipitates were washed and separated by SDS-PAGE, and proteins were identified by immunoblotting with a PDGFR␤-specific rabbit polyclonal antibody. One major protein band of 190 kDa and one smaller, minor band were identified (Fig. 1A) , compatible with the predicted migration of PDGFR␤ (19) . The signal was only found in response to PDGF-BB stimulation indicating that cellular Grb10 associates with activated PDGFR␤ in a PDGF-BB-dependent fashion (Fig. 1A) . Complementary experiments were carried out by immunoprecipitation with PDGFR␤-specific antibody followed by immunoblotting with rabbit polyclonal antibody directed against the mouse Grb10 carboxyl terminus. Grb10 antibodies frequently detect at least three major protein bands that may represent differently processed forms of Grb10 and have repeatedly been reported to range from 65 to 85 kDa (20, 39) . Several bands were also observed in our detergent cell lysates with the Grb10 antibody described above ( Fig. 1 ) or with our own raised Grb10 antiserum but not with preimmune serum (not shown). At least three major bands were found to associate with the activated PDGFR␤ in a strictly PDGF-BBdependent fashion (Fig. 1A) . Consequently, both complementary experimental strategies show an association of cellular Grb10 with PDGFR␤ in response to PDGF-BB stimulation. When we compared the interaction of Grb10 with IGF-IR and IR, which had been demonstrated before (8-10, 13, 20, 21, 30, 38) by using the same experimental strategy, at least three major forms of Grb10 were similarly found to associate with the activated receptors dependent on IGF-I and insulin stimulation in fibroblasts ( Fig. 1B and C Mapping of Grb10 SH2 domain association to PDGFR␤ Y771. To address whether the Grb10 SH2 domain was sufficient to associate with PDGFR␤, a GST fusion protein representing the carboxyl-terminal 108 aa of Grb10 (14) was prepared and mixed with detergent cell lysates of TRMP canine kidney cells overexpressing PDGFR␤. Complexes were precipitated with glutathione-Sepharose, separated by SDS-PAGE, and identified by immunoblotting with PDGFR␤-specific antibody. The Grb10 SH2 domain was found to effectively associate and coprecipitate with activated PDGFR␤, strictly in response to PDGF-BB stimulation ( Fig. 2A) .
This approach was extended to define the PDGFR␤ motif which is involved in the association with the Grb10 SH2 domain. A series of PDGFR␤ point mutants lacking any one of the major tyrosine autophosphorylation sites were compared in detergent cell lysates of overexpressing TRMP canine kidney cells which lack endogenous PDGFR␤. Each lysate was mixed with GST-Grb10 SH2 domain fusion protein, and glutathioneSepharose precipitates were analyzed by immunoblotting with PDGFR␤-specific antibody. All mutants were found to coprecipitate with the Grb10 fusion protein except for PDGFR␤ mutation Y771F (Fig. 2A) . These data implicate phosphotyrosine 771 in the association with the Grb10 SH2 domain. Whether this PDGFR motif actually associates with the Grb10 SH2 domain was determined in peptide competition experiments. Phosphopeptides representing Y771 and Y716 as a control were mixed with GST-Grb10 SH2 domain fusion protein in detergent cell extracts to study their impact on PDGFR␤ association. Immunoblotting of glutathione-Sepharose precipitates with PDGFR␤-specific antibody demonstrated that the phosphopeptide representing phosphotyrosine 771 competes with PDGFR␤ for Grb10 SH2 domain association (Fig. 2B) and confirms a role of the sequences around Y771 in Grb10 binding.
Mutation Y771F interferes with PDGFR␤ association with complete cellular Grb10. To address whether PDGFR␤ association with complete cellular Grb10 would be similarly affected by mutation Y771F, we stimulated TRMP cells expressing wild-type and mutant PDGFR␤ with ligand and precipitated detergent cell lysates with Grb10 antibody. Proteins were separated by SDS-PAGE, and coprecipitated PDGFR␤ was evaluated in immunoblots with PDGFR␤-specific antibody. Compared to wild-type PDGFR␤, mutant Y740F showed reduced but significant association with cellular Grb10 (Fig. 2C ), which had also been observed with the Grb10 SH2 domain, where it was similar in reduction to several other PDGFR␤ mutants when compared to wild-type PDGFR␤ ( Fig. 2A) . In contrast, mutant Y771F showed only marginally detectable association with cellular Grb10 (Fig. 2C ) which had been below the level of detection in experiments with the Grb10 SH2 domain ( Fig. 2A) . Consequently, Y771F association experiments with cellular Grb10 as well as with the Grb10 SH2 domain indicate an important role of the region around PDGFR␤ tyrosine 771 in Grb10 binding.
Differential interference of cell-permeable Grb10 SH2 domain fusion peptides with the association between cellular Grb10 and PDGFR␤, IGF-IR, or IR. To evaluate the importance of the Grb10 SH2 domain in PDGF binding in a complementary experimental strategy, we tested the effect of competing cell-permeable SH2 domain fusion peptides (described below) on the association between PDGFR␤ and cellular Grb10. NIH 3T3 fibroblasts were starved and stimulated with PDGF-BB, and coimmunoprecipitation of cellular Grb10 was assayed in the presence or absence of cell-permeable SH2 domain fusion peptides with PDGFR␤-specific antibody. Immunoblots with Grb10-specific antibody demonstrated that the SH2 domain peptide virtually abolished the association of any form of cellular Grb10 with PDGFR␤ (Fig. 1A) . In contrast, we observed only a minimal effect of the Grb10 SH2 domain on the association with cellular Grb10 in analogous experiments with activated IGF-IR (Fig. 1B) but a significant reduction for activated IR (Fig. 1C) . These findings are fully consistent with earlier studies (15) which reported that the IR associates with the SH2 and BPS domains of Grb10, resulting in high-affinity binding, which explains the significant but partial interference of the SH2 domain (Fig. 1C) , whereas the IGF-IR primarily associates with the BPS domain, which explains the observed minimal interference by the SH2 domain (Fig. 1B) . In the absence of published studies on the association with PDGFR␤, our results demonstrate the importance of the Grb10 SH2 domain, which essentially abolished binding of cellular Grb10 (Fig. 1A) , in line with results of the Grb10 SH2 domain association studies shown in Fig. 2 .
Mapping of Grb10 SH2 domain association to IGF-IR Y1316/IR Y1322. In a complementary approach, sequences of the IGF-IR which are involved in the association with the Grb10 SH2 domain were characterized by receptor mutant analysis. Tyrosine mutation Y1316F at the carboxyl terminus Detergent cell lysates were immediately separated by SDS-PAGE (-) or were first incubated (PEPTIDE) with purified cell-permeable Grb10 SH2 domain fusion peptide (SH2) or with control eluate (C) or were left untreated (-) and immunoprecipitated (IP) with Grb10-specific (Grb10) or receptor-specific (PDGFRB, IGF-IR, or IR) antibodies prior to SDS-PAGE. Proteins were transferred to nitrocellulose and identified by immunoblotting (BLOT) with specific antibodies directed against Grb10, PDGFR␤, IGF-IR, or IR. Positions of molecular markers in kilodaltons and positions of PDGFR␤ (PDGFRB), IGF-IR, and IR are indicated on the right.
abolished the association with the Grb10 SH2 domain, whereas mutations in the juxtamembrane and activation loop regions of the IGF-IR did not interfere (Fig. 3A) . This finding is compatible with an analysis of the homologous IR motif Y1322, which had been implicated in the association with Grb10 in our earlier studies by receptor mutation and phosphopeptide binding analysis (14) . Phosphopeptides representing major IGF-IR autophosphorylation motifs were not available for our studies. Instead phosphopeptides representing various major IR autophosphorylation sites were mixed with GST-Grb10 SH2 domain fusion protein in detergent cell extracts to study their impact on IR association. Of the tested motifs, only Y1322 (which is homologous to IGF-IR Y1316 [50] ) interfered with IR binding of the Grb10 SH2 domain (Fig. 3B) . Other tested phosphotyrosine motifs in the carboxyl-terminal, juxtamembrane, or activation loop region were not found to interfere with Grb10 SH2 domain binding. These data implicate homologous sites at the carboxyl termini of the IGF-I and insulin receptors in the association with Grb10. Our results demonstrate that the Grb10 SH2 domain binds to both IR and IGF-IR, while this may only represent a minor aspect of the Grb10 association with IGF-IR (Fig. 1B) as reported previously (15) .
Association of other activated receptor tyrosine kinases with the Grb10 SH2 domain. Many signaling adapters are shared among a number of receptor tyrosine kinases, which encouraged us to test whether Grb10 associates with other growth factor receptors. We evaluated one member of most receptor tyrosine kinase subfamilies (52) and compared activated and nonactivated receptors in most cases. Of those examples tested, a clear association with the Grb10 SH2 domain was observed for PDGFR␤, HGFR, and FGFR (Fig. 4) and as described earlier for IR and IGF-IR (8-10, 13, 14, 20, 21, 30, 38) . In contrast, an association could not be demonstrated for nerve growth factor (NGF) receptor (TrkA) or EGFR (Fig. 4) . The presence of all receptors in cell lysates and their activation had been demonstrated with receptor-specific antibodies and phosphotyrosine-specific antibodies, respectively. These results suggest that the assay used can specifically discriminate between different receptor tyrosine kinase interactions and are compatible with a potential role of Grb10 as a general mitogenic signaling adapter.
Microinjection of dominant-negative GST-Grb10 SH2 domain interferes with growth factor-mediated DNA synthesis. To demonstrate a role of Grb10 in mitogenesis specifically, we used four independent experimental strategies to interfere with the function of cellular Grb10 or to enhance the function of Grb10 by overexpression. First, we used the GST-Grb10 SH2 domain fusion protein in a microinjection approach (45) . It is expected that the SH2 domain will act like a dominantnegative form of Grb10 when introduced into cells at high concentration (37) . NIH 3T3 fibroblasts overexpressing human IR were starved and stimulated with various growth factors, and GST-Grb10 SH2 domain fusion protein was microinjected. The effect on DNA synthesis was evaluated at the single-cell level by fluorescence microscopy analysis of incorporated BrdU. Fetal bovine serum, insulin, and PDGF-BB all stimulated DNA synthesis, as judged by the increased number of fluorescence-positive cells (Fig. 5A ). This remained unaffected by microinjection of GST protein alone or a GST fusion protein with the Crk SH2 domain, which served as a control for the specificity of the assay (3). Microinjection of the GSTGrb10 SH2 domain fusion protein typically reduced DNA syn- thesis to less than 50% of growth factor-stimulated levels (Fig.  5A) . The significant mitogenic response to insulin, which exceeds the response to PDGF-BB in this experiment, is explained by the overexpressed human IR levels, whereas normal NIH 3T3 fibroblasts did not significantly respond to insulin (not shown).
Cell-permeable fusion peptides of the Grb10 SH2 domain interfere with PDGF-BB, IGF-I-, and insulin-mediated DNA synthesis. In a second experimental strategy, we introduced the Grb10 SH2 domain into NIH 3T3 fibroblasts with an alternative technique and measured DNA synthesis with a different assay (Fig. 5B) . We used cell-permeable peptides including a 16-aa motif of the Drosophila antennapedia homeodomain protein, which effectively transfers fusion peptides of up to 100 aa in length into any cell type tested (41) and allowed us to interfere with mitogenesis in large numbers of cultured cells. A cDNA encoding the Grb10 SH2 domain was isolated by PCR, fused to a sequence encoding a cell-permeable 16-aa peptide, and introduced into an E. coli expression plasmid under T7 transcriptional promoter control [pET 28(aϩ); Novagen]. Protein expression was induced, the fusion peptide was purified by nickel column affinity chromatography, dialyzed, and resolubilized. NIH 3T3 fibroblasts were starved, stimulated with PDGF-BB, IGF-I, or insulin, and purified cellpermeable Grb10 SH2 domain fusion peptide was added. DNA synthesis was evaluated by the quantification of incorporated [ 3 H]thymidine. For all growth factors tested, we observed a substantial reduction in DNA synthesis in a fusion peptide dose-responsive fashion (Fig. 5B) . Control isolates lacking fusion peptides did not alter DNA synthesis significantly (Fig. 5B) . These data fully support the results obtained with GST-Grb10 SH2 domain fusion protein by the microinjection approach (Fig. 5A) . Cell-permeable fusion peptides of the Grb10 Pro-rich region interfere with IGF-I-and insulin-but not PDGF-BB-mediated DNA synthesis. If Grb10 functions as a signaling adapter, we reasoned that other Grb10 domains should participate in the mitogenic response. We tested the Pro-rich amino-terminal putative SH3 domain binding region of Grb10 in a similar experimental strategy involving synthetic cell-permeable fusion peptides. Efforts to express this short domain in E. coli as described above had not been successful. NIH 3T3 fibroblasts were starved and stimulated with various growth factors, and synthetic cell-permeable fusion peptides with a 16-aa fragment of the Grb10 amino-terminal Pro-rich region were added. DNA synthesis was evaluated by the quantification of incorporated [ 3 H]thymidine. Most growth factors stimulated DNA synthesis up to twofold. For control cell-permeable peptides lacking any Grb10 domain, DNA synthesis was not significantly altered at any tested concentration of peptide (Fig. 6) . Similarly, EGF-stimulated DNA synthesis was not significantly reduced by increasing doses of fusion peptide, compatible with Detergent extracts were immediately separated by SDS-PAGE (Lysate) or were first mixed with control GST (-) or GST-Grb10 SH2 domain fusion protein, and complexes were precipitated with glutathione-Sepharose prior to SDS-PAGE. Proteins were transferred to nitrocellulose and identified by immunoblotting with phosphotyrosine antibodies (pTyr) or with specific antibodies directed against the respective receptor tyrosine kinase (Receptor-specific). Protein bands are identified as the respective receptor types shown on the left. IGF-IR was overexpressed in IGF-IR gene-disrupted R Ϫ mouse embryo fibroblasts (27, 28) that had been stimulated with IGF-I. IR was overexpressed in CHO cells that had been stimulated with insulin (34) . PDGFR␤ was overexpressed in TRMP canine epithelial kidney cells that had been stimulated with PDGF-BB (19) . HGFR/c-Met experiments were performed with constitutively activated v-Met (ϩ) and a kinase-inactivated mutant of v-Met (43) (-). Constitutively activated (ϩ) Xenopus (type 1, two-Ig-loop) FGFR had been expressed with the baculovirus system in Sf9 insect cells; nonstimulated forms were not available (indicated for one lane [na]). EGFR was overexpressed in A431 human epidermoid carcinoma cells that had been stimulated with EGF. TrkA-overexpressing NIH 3T3 cells had been stimulated with 7S NGF. The receptor tyrosine kinases (52) were gifts from various colleagues as indicated in the text. the lack of evidence for a role of Grb10 in EGF mitogenic action (Fig. 4) , which remains to be resolved (39) . Increasing doses of fusion peptide resulted in a dose-dependent decrease in DNA synthesis in NIH 3T3 fibroblasts in response to insulin (IR overexpressing) and IGF-I (normal) down to as little as 10% of stimulated levels (Fig. 6 ). These data suggest that the Grb10 Pro-rich region participates in IGF-I and insulin action, possibly by interacting with the SH3 domain of an unidentified signaling mediator. All experimental strategies used, microinjection or introduction of cell-permeable peptides of the Grb10 SH2 domain and introduction of a cell-permeable Pro-rich region, are expected to result in dominant-negative forms of Grb10 (37) . All strategies were shown to interfere with DNA synthesis, which suggests that complete cellular Grb10 functions as a positive, stimulatory, mitogenic signaling adapter.
For PDGF-BB-mediated DNA synthesis, no significant reduction was observed with increasing doses of fusion peptide (Fig. 6) . This result suggests that in contrast to the SH2 domain of Grb10 (Fig. 5) , the Pro-rich region may not participate in PDGF-BB-mediated mitogenesis.
Ecdysone-regulated Grb10 expression results in ecdysone dose-responsive stimulation of PDGF-BB-, IGF-I-, or insulinmediated DNA synthesis. If Grb10 represents a positive mitogenic signaling mediator, increased expression should stimulate DNA synthesis. To regulate Grb10 expression, we used an ecdysone-controlled cDNA expression system which was introduced into fibroblasts by lipofection. In response to increasing doses of ecdysone, increased expression of several protein bands was reproducibly observed in immunoblots with Grb10 rabbit polyclonal antiserum compared to basal levels in the absence of ecdysone or in cells which had been transfected with a control plasmid or remained untransfected (Fig. 7A) . Background protein levels are not visible due to the limited cell numbers used in the transfection assay. Overall, the expressed proteins migrated similarly to those observed in untransfected cells at higher concentrations of cell lysate (Fig. 1) ; however, differences likely exist.
To address the impact of increased Grb10 expression levels on mitogenesis, NIH 3T3 or baby hamster kidney (BHK) fibroblasts were transfected with the expression system, starved, and stimulated with various growth factors, and Grb10 expression was induced by varying doses of ecdysone. DNA synthesis was quantified through the incorporation of [ 3 H]thymidine. All growth factors were found to stimulate DNA synthesis between 2.5-and 3-fold (Fig. 7B) . Increasing doses of ecdysone led to a dose-dependent increase in DNA synthesis for all growth factors except EGF, confirming results which failed to provide evidence for a role of Grb10 in EGF mitogenic action (Fig. 4 and 6) . Maximum DNA synthesis levels were elevated more than twofold by the highest dose of ecdysone compared to noninduced levels for PDGF-BB, which also typically showed the highest mitogenic response (Fig. 7B) . The significant insulin stimulation of DNA synthesis is explained by the highly elevated levels of human IR in the NIH 3T3 fibroblasts used for this peptide hormone (3). In the absence of ecdysone or after ecdysone induction of control plasmids, even at the highest dose, no change in DNA synthesis was observed. These experiments directly show a role of Grb10 as a positive mitogenic signaling adapter (Fig. 7B) , a finding supported by the interference with DNA synthesis demonstrated by various dominant-negative experimental strategies (Fig. 5 and 6) .
Overexpression of complete Grb10 or interference (by cellpermeable SH2 domain fusion peptides) with cellular Grb10 proportionally increases or decreases the cell proliferation rate, respectively. To expand these studies, we carried out additional experiments to formally address the effect of Grb10 Cell-permeable fusion peptides of the Grb10 SH2 domain interfere with PDGF-BB-, IGF-I, and insulin-mediated DNA synthesis. Mouse NIH 3T3 fibroblasts were starved in 0.1% serum-containing medium for 20 h. Cells were subsequently incubated either with cell-permeable Grb10 SH2 domain fusion peptide purified from E. coli (Grb10) at concentrations of 0, 1, 5, and 10 g/ml or with a purified control sample (----) lacking fusion peptide (see Materials and Methods). In parallel, cells were stimulated with either IGF-I (100 ng/ml), PDGF-BB (25 ng/ml), or insulin (100 ng/ml) for 18 h; 0.5 Ci of [methyl-3 H]thymidine at 3 Tbq/mmol was then added for 5 h, and acid (10% TCA)-precipitated radioactivity was quantified by scintillation spectroscopy. Error bars indicate the variation between triplicate measurements. VOL. 19, 1999 STIMULATORY MITOGENIC ROLE OF Grb10 6223 on cell proliferation. For this purpose, mouse fibroblasts (NIH 3T3 or R Ϫ ) were transfected with a constitutive CMV promoter-controlled Grb10 expression plasmid and replated at low density. Cell proliferation was monitored by determining cell numbers daily by cell counts or by measuring metabolic activity, which correlates with cell numbers, colorimetrically (MTT assay). Alternatively, cell-permeable peptides with the Grb10 SH2 domain were tested for their effects on the cell proliferation rate. As shown in Fig. 8 , Grb10 overexpression increased whereas introduction of the Grb10 SH2 domain substantially decreased the cell proliferation rate of the tested fibroblasts in a peptide dose-responsive fashion. At the highest peptide dose, basal levels decreased by up to 70%, while the increase measured as a result of cDNA overexpression did not exceed 20% of basal levels. Cell-permeable fusion peptides have been reported to enter most cells efficiently and have been detected for as long as 8 days after treatment (41), whereas transient cDNA expression experiments typically reach a smaller fraction of the treated cells (less than 30% in our experiments based on green fluorescent protein expression [data not shown]), and expression is typically seen for a time period significantly shorter than a week for up to 3 days (data not shown). The measured increase in the cell proliferation rate of the transfected culture by transient Grb10 cDNA expression will consequently represent a significant underestimate of the real effect per cell when increased levels of Grb10 are actually present. In this context, the observed opposite effects of Grb10 overexpression and the dominant-negative SH2 domain peptides are complementary, which confirms and expands the observed changes in DNA synthesis shown in Fig. 5 to 7 . All data are compatible with a positive, stimulatory role of Grb10 in mitogenesis. Further analysis of the effect of Grb10 on cell proliferation will focus on stably expressing cell lines.
DISCUSSION
In this study, we have demonstrated Grb10 association with activated PDGFR␤ in response to PDGF-BB stimulation (Fig.  1A) . The Grb10 SH2 domain was found to be sufficient for this interaction ( Fig. 2A) and, when used as a competitor, to essentially block the interaction with cellular Grb10 (Fig. 1A) . Of the major tyrosine autophosphorylation sites of PDGFR␤, only one, Y771 when mutated, resulted in the lack of association with the Grb10 SH2 domain (Fig. 2A) . Synthetic phosphopeptides representing Y771 interfered with PDGFR␤ binding of the Grb10 SH2 domain (Fig. 2B) and indicated that the motif around phosphotyrosine 771 actually binds to Grb10. PDGFR␤ mutation Y771F similarly interfered with the association of complete cellular Grb10 (Fig. 2C) . This binding site is shared by Ras GAP, which has been shown to be involved in the chemotactic response to PDGF (51) . Since transgenic mice lacking GAP demonstrate normal PDGF-BB-mediated mitogenesis, GAP does not appear to participate in that response unless it plays an unidentified putative role by down-modulating Grb10 action, possibly by competing for the same PDGFR␤ binding motif (51) . It is conceivable that Grb10 may modulate GAP action or otherwise participate in the chemotactic signal, but this issue is outside the scope of this study.
Grb10 association with the IGF-IR had been demonstrated earlier (8, 30) and was confirmed in this study (Fig. 1B) ; however, a preference of Grb10 for the IR had been observed in a direct comparison (20) . This was investigated by others (15) , who reported that IR associates with the SH2 and BPS domains of Grb10, resulting in high-affinity binding, which explains the significant but partial interference by the SH2 domain (Fig. 1C) , whereas IGF-IR primarily associates with the BPS domain, which explains the minimal interference observed by the SH2 domain (Fig. 1B) . Of a number of point mutations at major IGF-IR autophosphorylation sites, only mutation Y1316F at the carboxyl terminus interfered with the association of the Grb10 SH2 domain (Fig. 3A) . This finding is supported by our earlier studies which implicated the homologous carboxyl-terminal autophosphorylation motif Y1322 of IR in Grb10 SH2 domain binding, based on analysis of receptor mutants and the binding of GST-Grb10 SH2 domain fusion proteins to immobilized IR phosphopeptides (14) . Phosphopeptides representing the major IGF-IR autophosphorylation sites were not available for our studies; however, new FIG. 6 . Cell-permeable fusion peptides of the Grb10 Pro-rich region interfere with IGF-I-and insulin-mediated, but not PDGF-BB-mediated, DNA synthesis. Mouse NIH 3T3 fibroblasts were starved in 0.5% serum-containing medium for 24 h, incubated with 0, 1, 5, 10, or 20 g of the Grb10 fusion peptide (RQIKIW-FQNRRMKWKK-TASLPAIPNPFPELTG) per ml or with 0, 1, 3, or 10 g of a control peptide (RQIKIWFQNRRMKWKK) per ml (in parentheses), and stimulated with 25 ng of PDGF-BB, 100 ng of IGF-I, 100 ng of insulin, or 100 ng of EGF per ml or left untreated for 18 h; 0.5 Ci of [methyl-3 H]thymidine was then added for 5 h, and acid (10% TCA)-precipitated radioactivity was quantified by scintillation spectroscopy. The data presented are based on three independent experiments. Error bars indicate the variation between duplicate measurements of the representative experiment shown. DNA synthesis in the absence of growth factor has been defined as zero.
experiments with IR phosphopeptides confirmed that only a peptide representing Y1322 (homologous to IGF-IR Y1316 [50] ) specifically interfered with IR binding to the Grb10 SH2 domain and showed that this sequence actually interacts with Grb10 (Fig. 3B) . However, the SH2 domain association likely represents only a minor aspect of the interaction between Grb10 and IGF-IR, which appears to be largely carried out by the Grb10 BPS domain (15) . The consensus receptor phosphotyrosine sequence motif which is recognized by the Grb10 SH2 domain has not yet been established to our knowledge, and our comparison of the implicated PDGFR␤, IR, and IGF-IR sites of association has not been able to define it (not shown).
In independent studies of several research teams, the exact sites of interaction with Grb10 are controversial for both IGF-IR and IR. Using a yeast two-hybrid interaction approach, an 800-bp fragment of Grb10 was independently found to associate with the IGF-IR carboxyl terminus, but at a site reported to lie between aa 1229 and 1245 (30) . In contrast to that study, the activation loop had been implicated in the association with IR and IGF-IR by using a yeast two-hybrid approach combined with receptor mutants (9) . Based on IR mutants and phosphopeptides, the kinase activation loop and the juxtamembrane region have been implicated in the interaction with Grb10 in another study (13) . However, the juxtamembrane region and the carboxyl terminus were not found to be essential in a further study based on yeast two-hybrid mapping and IR mutant analysis of Grb10 association (38) . Part of the differences may be explained by the observation that in addition to the SH2 domain, other Grb10 sequences have been implicated in the interaction with IR and IGF-IR (13) . A new domain, termed BPS (or IPS) to reflect its location between the PH and SH2 domains at aa 358 to 434, has been implicated in Grb10 binding to the insulin, IGF-I, and EGF receptors (11, 15) . Whereas our studies are exclusively based on the association of Grb10 SH2 domain fusion peptides, other studies have used complete Grb10 or larger fragments of Grb10 and included the interactions of the BPS domain. A recent study has compared various IR mutants for their interaction with the Grb10 SH2, the BPS, and a combination of both domains (15) . Only mutation Y1150/1151F in the activation loop was found to essentially abolish the association of IR with Grb10, surprisingly with any isolated domain either SH2 or BPS, or both in combination. This finding suggests either that both Grb10 domains bind to the same IR site, which is not supported by the model presented in this study (15) , or that the mutation in the activation loop abolishes other putative IR binding sites of Grb10, which would impair the specificity of the analysis. Since phosphorylation of the activation loop is one of the first steps in IR activation and a requirement for subsequent steps such as phosphorylation of carboxyl-terminal sites (53) and since carboxyl-terminal mutations have not been tested, the reported finding does not address the specific binding of Grb10 to other receptor sites.
Other factors which may help to explain some of the differences observed by different research teams are the distinct Grb10 sequence variants which have been studied and may be explained by differential splicing; more than one Grb10 protein band has typically been identified in many experiments, which may also be due in part to variable translation starts and/or modification (9, 14, 20, 21, 24, 31, 39, 48) . In addition to the original mouse Grb10 (39), a related human protein termed Grb-IR or hGrb10␣ had been identified as an IR partner with a truncated PH domain (21) . Several human sequence variants at the amino terminus termed Grb10/IR-SV1 or hGrb10␤, hGrb10␥, hGrb10␦ (10, 13, 38) and an additional variant in the mouse which lacks a sequence upstream of the amino-terminal end of the GM region (20) have been reported (42) . Most available polyclonal antibodies are expected to cross-react with several of the known variants; however, only specific forms will be expressed in specific cells and tissues. The set of three major protein bands which are frequently identified in fibroblasts unlikely represent three distinct splice variants since mouse Grb10 (39), when overexpressed, results in overall similar patterns of intensified protein bands which must all result from the same cDNA (Fig. 7A) . Many cell types including NIH 3T3 fibroblasts may express only few Grb10 variants which may be represented by several distinct protein bands due to the use of alternative translation start signals and differences in posttranslational modification (20, 39) .
To learn more about the role of Grb10 as a mitogenic mediator, we investigated its interaction with other receptor tyrosine kinases. In addition to the observed association with PDGF, insulin, and IGF-I receptors, we found the SH2 domain to associate with activated HGFR (Met) and FGFR but not with EGFR and NGF receptors (TrkA) (Fig. 4) . Since our experiments were based on GST-Grb10 SH2 domain fusion proteins, it is possible that association with TrkA involves additional Grb10 sequences such as the BPS domain. This probably does not apply to the putative association with the EGFR (15) . When combined with the reported Grb10 association with other receptor tyrosine kinases such as Ret (12, 40) and the Eph-related receptor tyrosine kinase ELK (48) , our data suggest a role for Grb10 downstream of most receptor tyrosine kinase subfamilies (52) except for the EGF and NGF subfamilies. This inference is based on at least one member of each subfamily (52) which was tested for Grb10 association (Fig. 4) and is compatible with a putative role of Grb10 as a general mitogenic mediator, in addition to other putative functions of Grb10 downstream of the ELK receptor in axonal guidance, neuronal bundling, or angiogenesis (48) .
The role of Grb10 in EGF action is still controversial. Grb10 was originally cloned with an activated carboxyl-terminal EGFR fragment as a probe but was found to interact only weakly with the activated receptor (13, 15, 39) . However, serine phosphorylation of Grb10 has been reported in response to EGF stimulation (39) . Interaction with the EGFR has not been observed in our study (Fig. 4) despite the fact that the Grb10 SH2 domain had been implicated in this association (15) , and changes in Grb10 function were not found to affect EGF-stimulated DNA synthesis (Fig. 6 and 7B) .
To test the putative mitogenic role of Grb10 directly, we used four independent experimental strategies to interfere with cellular Grb10 function or increase cellular Grb10 levels. Initially, we microinjected GST-Grb10 SH2 domain fusion protein to test its impact on PDGF-BB-and insulin-mediated mitogenesis in NIH 3T3 fibroblasts. The high fusion protein concentration in the injected cells is expected to exert a dominant-negative effect on cellular Grb10 function (37) . The observed reduction in DNA synthesis suggests a positive, stimulatory role of cellular Grb10 in that pathway (Fig. 5A) . Microinjection of GST-Grb10/IR-SV1 or hGrb10␤ had been shown earlier to interfere with IGF-I-and insulin-mediated, but not with EGF-mediated, DNA synthesis in Rat-1 fibroblasts (38) . The observed reduction in DNA synthesis (Fig. 5A ) was specific for the Grb10 SH2 domain since a control Crk SH2 domain did not exert a significant effect.
In an alternative, dominant-negative strategy, the Grb10 SH2 domain was introduced into NIH 3T3 fibroblasts as a cell-permeable fusion peptide with a 16-aa fragment of the Drosophila antennapedia homeodomain protein, which mediates the effective transfer of fusion peptides across the cell membrane (41) . A tyrosine-phosphorylated, cell-permeable Grb2 binding peptide based on EGFR sequences was shown to specifically block the mitogenic response to PDGF and EGF but not to FGF, demonstrating that selective pathways are inhibited by this approach (54) . Activation of the mitogenactivated protein kinase cascade was inhibited in response to up to 10-ng/ml but not to higher 50-ng/ml) EGF concentrations, suggesting that the peptide does not exert an excessive inhibitory function (54) . In our experiments, we observed a substantial decrease in PDGF-BB-, IGF-I-, and insulin-mediated DNA synthesis, as measured by the incorporation of [ 3 H]thymidine into DNA, which corresponded to the dose of the cell-permeable Grb10 SH2 domain fusion peptide (Fig.  5B) . These results directly confirmed those shown in Fig. 5A from microinjection studies using an alternative approach.
In addition, these studies indicate a role of the Grb10 SH2 domain in IGF-I-mediated mitogenesis (Fig. 5B) but not through binding to the IGF-IR (Fig. 1B) , since this is largely carried out by the Grb10 BPS domain (15) . The SH2 domain is consequently implicated in the association with another unknown signaling mediator, probably at an activated phosphotyrosine which may be represented by another (receptor) tyrosine kinase or by an alternative signaling mediator. Such a mechanism could assemble different receptors into a joint signaling complex and regulate cross talk between distinct receptor pathways. Grb10 may represent a shortcut in the Rafmediated signaling cascade by directly interacting with Raf1 and MEK1 via its SH2 domain and linking growth factor receptors to these mediators (35) .
We have to consider possible cross talk of the Grb10 SH2 domain and Pro-rich fusion peptides with mechanisms involving the related mediators Grb7 and Grb14. However, functional selectivity has been reported for SH2 domains in the Grb7 family (17) and for Pro-rich SH3 domain ligands (46) , which was also observed in control experiments with other Pro-rich regions (not shown). The responses shown in Fig. 5 to 8 point to a positive stimulatory role of Grb10 in the mitogenic actions of PDGF-BB, IGF-I, and insulin but have not been observed for Grb7 or Grb14 (5), suggesting that these mediators do not affect our results.
Based on the putative role of Grb10 as a signaling adapter, we tested an additional domain, the Grb10 amino-terminal Pro-rich region, as a synthetic cell-permeable fusion peptide with a 16-aa fragment of the Drosophila antennapedia homeodomain protein. With this approach, the IGF-I and insulinstimulated mitogenic response was almost eliminated with increasing doses of peptide in a dose-responsive fashion, whereas the EGF and PDGF-BB responses were not significantly affected (Fig. 6) . Since the high concentration of the peptide is expected to represent a dominant-negative form, this result is consistent with a stimulatory role of the Grb10 Pro-rich region in IGF-I and insulin action. This is compatible with a role of Grb10 as a mitogenic signaling adapter which may involve its SH2 or BPS and Pro-rich domains to form a signaling complex between an activated receptor tyrosine kinase and an SH3 domain mediator such as Abl (13) . In contrast to the Grb10 SH2 domain, the Pro-rich region appears not to participate in PDGF-BB action (Fig. 6) . A role as a putative signaling adapter in this pathway may consequently involve an alternative Grb10 domain, such as the PH region, which remains to be identified. The functional differences observed for these two growth factor pathways at the level of the involved Grb10 domain structure may reflect a specific role of Grb10 in either pathway which remains to be elucidated.
A stimulatory role for Grb10 in PDGF-BB-, IGF-I-, and insulin-but not EGF-mediated mitogenesis was directly shown by cDNA expression from an ecdysone-regulated Grb10 expression plasmid. Stimulation of DNA synthesis was ecdysone dose responsive, with the highest level observed for PDGF-BB (sixfold over background levels [ Fig. 7B]) . The Grb10-mediated mitogenesis correlated with increased Grb10 expression levels which had been reproducibly observed on immunoblots (Fig. 7A) . A wide range of ecdysone-adjustable expression levels has been found in cultured cells or in whole experimental mice, which in combination with the reported lack of basal expression surpassed tetracycline-based expression systems in a direct comparison (36) . Few if any side effects were described for ecdysone, including lack of toxicity at functional doses in vivo, even in whole mice (36) .
The effect of Grb10 on mitogenesis is controversial. Interference of the Grb10 SH2 domain with insulin-stimulated DNA synthesis upon microinjection into fibroblasts suggested a positive role for Grb10 (38) , which is also supported by the implicated stimulatory role of Grb10 in Bcr-Abl-mediated oncogenicity (2) and by its implicated protective function in apoptosis (35) . On the other hand, the possible implication of Grb10 as a candidate for the Silver-Russel syndrome gene would point to a negative role in mitogenesis (29) . In addition, an inhibitory effect on IGF-I-mediated cell growth was reported for increased expression levels of mouse Grb10␣ (39) in fibroblasts which were transformed by IGF-IR overexpression (31) . These cells express very high IGF-IR levels (500,000 per cell) and grow independently of growth factors except for IGF-I. Increased levels of stably expressed Grb10 have been reported to interfere with the transformed phenotype as well as with cell growth by delaying the S and G 2 phases of the cell cycle (31) . Control experiments in the same cell line have not been performed; however, overexpression of Grb10 in different, normal, IGF-IR-disrupted fibroblasts did not interfere with cell growth. A Myc-tagged cDNA of Grb10 was expressed in these experiments, and it remains possible that the tag affects Grb10 function so as to result in a dominant-negative form. Alternatively, the transformed phenotype of this experimental system may have an impact on the observed function of Grb10 when compared to normal fibroblasts.
We addressed this question in our own study by monitoring the effect of increased Grb10 levels or of interference with cellular Grb10 on the cell doubling time in normal fibroblasts. We observed that Grb10 overexpression consistently increased the cell proliferation rate, whereas cell-permeable SH2 fusion peptides resulted in a dose-dependent substantial decrease (Fig. 8) . The observed opposite effects of Grb10 overexpression and of the dominant-negative SH2 domain peptides are complementary, confirming and expanding the observed changes in DNA synthesis shown in Fig. 5 to 7 . Consequently, all findings presented in this study support a positive, stimulatory role of Grb10 as a cellular partner of the PDGF␤, IGF-I, and insulin receptors, based on several independent dominantnegative as well as positive experimental strategies. Such a role as a general mitogenic signaling adapter is suggested in many growth factor signaling pathways by the observed association between Grb10 and other receptor tyrosine kinases (Fig. 4) . It is possible that Grb10 acts positively or negatively in mitogenesis dependent on the specific cellular context. Such a variable role has been described for other signaling mediators, including Myc, one important example, and its role in apoptosis (16, 44) .
